In control hydraulic components (servo valves, LS regulators, etc.) 
where C d is the discharge coefficient, A -the orifice cross-sectional area, p D -the pressure at upstream, p m -the pressure at vena contracta, and ρ -the density of fluid.
--------------* Corresponding author; e-mail: darko.knezevic@unibl.rs As A D is much higher than A, it can be said that the discharge coefficient C d in eq. 2 is almost equal to the product of velocity coefficient C v and contraction coefficient C c , eq. (3)
The discharge coefficient curve in the function of square root at fluid flow through a sharp-edged orifice is often graphically presented in [1] . At fluid flow through radial clearances models for numerical calculation of the discharge coefficient curve are developed that do not associate the discharge coefficient and the Reynolds number [2] .
Wu et al. [3] determined the discharge coefficient at fluid flow through radial clearances, C d , with respect to square root of Reynolds number. They developed a calculation method for the flow rate. When calculating discharge, the thermodynamic change of the state of a hydraulic fluid was not taken into account. Such an approach leads to an error in the region of laminar flow (this being the most common case of flow considering the sizes of radial clearances in hydraulic components), because under common pressure and temperature in hydraulic systems the value of kinematic viscosity coefficient significantly changes, and so does the Reynolds number.
This paper provides an empirical discharge coefficient model of flow rate through radial clearances while considering the change of viscosity of hydraulic oil at fluid flow in the function of the change of temperature and pressure, whereas the change of density in the function of change of temperature and pressure is taken into account when calculating discharge.
Model to determine the discharge coefficient through the radial clearance at zero overlap From the literature, it is well known that there is a transition in a plot of discharge coefficient in the function of 1/2 Re from being proportional to the square root of the Reynolds number (at low Reynolds number), to being constant at high Reynolds number. Although the curve shapes vary as the orifice geometry varies, they can be approximated by an empirical model as an exponential function [3] :
where the parameters C d∞ (the turbulent discharge coefficient), a, b, δ 1 , and δ 2 are specific flow dependent coefficients to be determined. Equation (4) can be applied to most types of orifices. The method of the experimental determination of the discharge coefficient C d , and the corresponding Reynolds number, for flow through radial clearances at zero overlap ( fig. 2 ) is based on the following general flow equations:
where Q is the actual flow rate through the clearance, Q t max -the maximal theoretical flow rate, Δp -the pressure drop through the orifice, D h -the hydraulic diameter, and µ -the dynamic viscosity of fluid.
At zero overlap, the length of the overlap is 0 L = .
The identification of unknown parameters of the mathematical model
The function describing the change of the discharge coefficient as a function of the root of the Reynolds number is given by eq. (4).
Based on the previous knowledge of problems of fluid flow through the orifices, C d∞ coefficient can be determined experimentally by performing a larger number of experiments at high values of Reynolds numbers (since the discharge coefficient is constant in turbulent flow). With C d∞ known, it remains to determine the remaining four unknown parameters of the mathematical model a, b, δ 1 , and δ 2 , using the method of least squares.
The root of the Reynolds number is the independent variable. The difference between model predictions and values obtained by measurements can be described by the function:
where C dj is the experimental discharge coefficient at point Reynolds number, Re j . Graphic, every member in the eq. The most important physical properties of hydraulic oil, which have fundamental importance for the study of efficiency and dynamic behavior of hydraulic components and systems, are density and viscosity. Mineral base oils for hydraulic fluids are normally composed of complex hydrocarbon molecules. According to dominant presence of specific hydrocarbons in crude oil, mineral oils are divided as follows: paraffinic, naphthenic and mixed oils. Hydraulic oils, are almost entirely based on highly refined paraffinic oils. Naphthenic oils are very rarely used as hydraulic oils, due to reduced availability [4] .
As paraffinic mineral oils are the most widely spread hydraulic oils (about 90% used hydraulic fluids), the following analysis of influence of temperature and pressure on density and dynamic viscosity, is applied on this type of oil.
Density of mineral hydraulic oils
Thermal equation of state for liquids:
has no direct mathematical derivation from physical laws (as opposed to gases):
Experimental data for the value of density with changing pressure and temperature of a mineral hydraulic oil HM 46 is given in tab. 1. The experimental data in tab. 1 and fig. 4 shows that, for practical use, change of the density of mineral oils as a function of pressure and temperature (for common values operating pressure and temperature in hydraulic systems) can be described by a linear function.
Density of mineral oil, at specific temperature and atmospheric pressure, can be calculated by using experimentally measured value of density at the temperature of 15 °C and volume-temperature expansion coefficient, α p , for the same temperature, using following equation [4] The viscosity of hydraulic and lubricating oil is extremely sensitive to the operating temperature. With increasing temperature the viscosity of oils falls rapidly.
The oil viscosity at a specific temperature can be either calculated from the viscosity-temperature equations or obtained from the viscosity-temperature ASTM chart.
There are several viscosity-temperature equations. Some of them are purely empirical whereas others are derived from theoretical models. The most commonly used equations are given in tab. 2 [5] .
Among them the most accurate is the Vogel equation. Three viscosity measurements at different temperatures for specific oil are needed in order to determine the three constants in this equation, tab. 3.
Apart from being very accurate the Vogel equation is useful in numerical analysis [5] . Table 2 . Viscosity-temperature equations (a, b, c, d -are constants) Table 3 . Kinematic viscosity of testing hydraulic oil, at the three different temperatures and atmospheric pressure, and density of oil at the temperature of 15 °C [4] For known values of kinematic viscosity and density, at specific temperature, value of dynamic viscosity is given by the equation:
Based on data from tab. 4, constants a, b, and c, of testing hydraulic oil, from Vogel equation, are calculated and given in tab. 5. [3] and is given by: 
The parameters a 1 , a 2 , b 1 , and b 2 represent the oil behavior and have to be calculated from experimental data. In accordance with the data given by the hydraulic oil producers [3] , constants from eq. (14) are calculated by using the method for identifying unknown parameters of the mathematical model. 
Therefore, for mineral hydraulic oils of paraffinic base structure, pressure viscosity coefficient, α, can be calculated by using the equation:
Values of dynamic viscosity are calculated by using the data from tabs. 5 and 6, and the chart is given for mineral oil HM 46 ( fig. 6 ). The demand for highly efficient hydraulic systems is permanently increasing. Because of that, the need for accurate mathematical modeling of fluid behavior is increasing as well.
In this paper, a mathematical model for calculating dynamic viscosity is given for mineral hydraulic oils, as a function of temperature and pressure. It is shown that neglecting the influence of working pressure can lead to significant errors in calculation of the dynamic viscosity of hydraulic oils value. The value of mistake is increasing with the growth of pressure and the decrease of temperature. The parameters in eqs. (16), or (17), represent fluid behavior and have to be calculated from experimental data for each one of the oils used separately. However, for engineering applications and ISO viscosity gradations and types (HM and HV), previously calculated values of parameters can be used with very satisfactory accuracy.
Zero overlap -experimental determination of the discharge coefficient
For different types of hydraulic oil and different operating conditions (pressure, temperature), discharge coefficient and the corresponding Reynolds number are experimentally determined. Each point in fig. 7 is obtained as the mean value of 2 to 4 measurements under the same operating conditions.
The experimental data, shown in fig. 7 , are given in the tab. 7.
Table 7. Experimentally determined values of discharge coefficient at zero overlap

Zero overlap
Section Model to determine the discharge… presents a method for identification of unknown parameters of the mathematical model, which determines the discharge coefficient, C d , through the radial clearance at zero overlap.
The function describing the change of discharge coefficient as a function of the root Reynolds number is given by eq. (4).
Parameter C d∞ represents the value of discharge coefficient in a turbulent area of flow. Its value has been experimentally determined (by performing experiments with water, at high values of Reynolds number), and it is 0.63 (tab. 7). With the known value C d∞ , eq. (4) can be simplified and written in the form: It is still necessary to determine the remaining four unknown parameters in eq. (19)  a, b, δ 1 , and δ 2 . Table 7 provides experimental data to determine the discharge coefficient as a function of the Reynolds number.
Each set of experimental data is obtained as the average value of 2 to 4 measurements.
By applying the method of Gauss-Newton the parameters of the mathematical model are obtained, as presented in tab. 8.
By using these parameters, an empirical model for the discharge coefficient eq. 
If the pressure at the outlet of the clearance is atmospheric, then p ∆ can replace p 0 in eq. (21).
Reynolds number as a function of flow is:
The dynamic viscosity, μ, which exists in the eq. (22) is determined by eq. (17) and can be written: 
Conclusions
The clearances (and throttles) in different construction forms are applied in all hydraulic control and operating elements, and that shows that the research, which is the subject of this paper, is very important. This paper:
• Gives a detailed description of changes of density and viscosity of hydraulic fluid with the change of pressure and temperature. It is shown that precise mathematical modeling of fluid properties is necessary for accurate modeling of phenomena within hydraulic components.
• Gives the equation for determining the discharge coefficient at zero overlap between the piston and the body (cylinder), as a function of the Reynolds number. It should be noted that the Reynolds number is calculated by taking into account the change of dynamic viscosity of hydraulic fluid with change of temperature and working pressure. Calculating the Reynolds number, previous studies have ignored the impact of pressure on viscosity, which is why the experimental data in the diagram of the discharge coefficient showed greater dissipation.
• Gives a mathematical model for determining the flow rate through radial clearances inside hydraulic components at zero overlap. 
